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In this work, electrospray ionization mass spectrometry (ESI MS) was employed to study the
interactions of cobalt(III) hexammine, Co(NH3)6
3, with five RNA hairpins representing the 790
loop of 16S ribosomal RNA and 1920 loop of 23S ribosomal RNA. The RNAs varied in
mismatch identity (G·U versus A·C) and level of base modification (pseudouridine versus
uridine). Co(NH3)6
3 binding was observed with the four RNA hairpins that contained a G·U
wobble pair in the stem region. ESI MS revealed 1:1 and 1:2 complex formation with all RNAs.
Weaker binding was observed with the fifth RNA hairpin that contained an A·C wobble pair
in the stem region. The effects of pH on Co(NH3)6
3 binding were also examined. (J Am Soc
Mass Spectrom 2006, 17, 1376–1382) © 2006 American Society for Mass SpectrometryElectrospray ionization mass spectrometry (ESIMS) can be used to detect noncovalent interac-tions, and there are a number of examples in the
literature for nucleic acid-ligand interactions (reviewed
in [1, 2]). Several advantages of using MS over other
biochemical techniques include speed of analysis, high
sensitivity, absence of radioactive or fluorescent labels,
ability to analyze mixtures, and coupling with LC
(liquid chromatography) techniques. In this work, we
report on the utility of ESI MS to study noncovalent
interactions between RNA and transition-metal com-
plexes. Ligand binding to five RNA hairpins with
varying sequences or sites of modification was investi-
gated.
The first objective was to determine if cobalt(III)hex-
ammine, Co(NH3)6
3, could discriminate between G·U
and A·C wobble pairs (Figure 1). Biological studies on
16S ribosomal RNA (rRNA) revealed that G·U is a
functional substitute for A·C in certain sequence con-
texts [3]. Studies by Kieft and Tinoco on the P5b stem
loop of a group I intron ribozyme indicated that
Co(NH3)6
3 binding occurred in the major groove of a
series of tandem G·U mismatches and the complex
formed hydrogen bonds with both Gs [4]. Additional
contacts were observed with neighboring Gs, and while
the carbonyls of the Us did not participate in hydrogen
bonding, they likely added to the negative surface of
the binding pocket [4]. Gdaniec et al. studied an iron
regulatory element in ferritin mRNA and observed
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3 binding in a pocket consisting of a GC base
pair, a bulge, and a dynamic G·U wobble pair, and
suggested that Co(NH3)6
3 binding may stabilize the
structure around the G·U wobble pair [5].
Magnesium(II) plays an important role in RNA
structural motifs [6]. RNAs often contain specific Mg(II)
binding sites in which the interactions range from
hydrogen bonds with the bases or phosphate backbone
to direct covalent bonds with oxygens of the phosphate
backbone [7, 8]. Studying the interactions of Mg(H2O)6
2
with RNA is often limited to specific methods such as
X-ray crystallography [9]. Cowan [10] proposed that
Co(NH3)6
3 could serve as a probe of Mg(H2O)6
2 bind-
ing sites, because both ions have similar ionic radii and
geometries, and interact with RNA in a similar manner
(Figure 1) [4, 5, 11–12]. More specifically, Co(NH3)6
3
can substitute for the Mg(H2O)6
2 outer coordination
sphere contacts with RNA [4, 10, 13]. NMR spectros-
copy has typically been the method of choice to study
Co(NH3)6
3 interactions with RNA, but it is time-
consuming and requires large quantities of sample. In
addition, high concentrations of Mg(II) lead to line
broadening in NMR spectra [14]. Extensive adduction
of Mg(II) cations with RNA is often observed in mass
spectrometry experiments. The goal of this study was to
use ESI MS to detect Co(NH3)6
3 binding to RNAs
containing G·U and A·C wobble pairs as well as mod-
ified bases such as pseudouridine () and 3-methyl-
pseudouridine (m3) (Figure 1). Differences in
Co(NH3)6
3 binding to the various RNAs may reflect
subtle structural variations between mismatches or
modified sites as well as potential differences in
Mg(H2O)6
2 interactions.
Two families of rRNAs were studied. The first was
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16S rRNA, Figure 2) [3]. This region of rRNA is impor-
tant because it is located in the small ribosomal subunit
of all organisms and plays a role in protein synthesis
through inter-subunit interactions, initiation factor 3
binding, and tRNA binding [15–18]. Extensive genetic
and NMR studies have been carried out on the 790 loop,
and mutations to this key hairpin resulted in dimin-
ished ribosome function [3, 15, 16, 19]. The two 790
loops used in this study have the same general second-
ary structure, but differ by a single base·base mismatch
at positions 787 and 795. An A·C to G·U mutation at
positions 787·795 was not deleterious to ribosome func-
tion [3]. The 790 GU loop contains a G787·U795 mismatch,
whereas the 790 AC loop contains an A787·C795 mis-
match. The second family was modeled after the 1920
loop (positions 1906 to 1924 of E. coli 23S rRNA, Figure
2). This region is important because it is located in the
large ribosomal subunit of all organisms and forms an
inter-subunit bridge (referred to as bridge B2a, which
connects the decoding region to the peptidyl transferase
center) [20, 21] and contacts tRNAs, the decoding region
[22], and the previously mentioned 790 loop [23, 24].
The three 1920 loop RNAs used in this study are as
follows: 1920 UUU contains Us at positions 1911, 1915,
and 1917, whereas 1920  contains s at those
positions [25]. The 1920 m3 RNA contains s at
positions 1911 and 1917 and an m3 at position 1915
[26]. Our goal was to first study Co(NH3)6
3 binding to
these smaller, well-defined RNA hairpins before initi-
Figure 1. The top panel depicts the G·U and A·C wobble pairs.
R indicates the ribose sugar. The middle panel depicts the geom-
etries of Co(NH3)6
3 and Mg(H2O)6
2, and the bottom panel shows
the structures of uridine (U), pseudouridine (), and 3-methyl-
pseudouridine (m3).ating experiments on the entire ribosome.Materials and Methods
Chemicals
All reagents were purchased as either molecular biology
grade or the highest purity grade available, and they were
obtained from Acros Organics (Morris Plains, NJ), Fisher
Scientific Company (Fair Lawn, NJ), or Sigma-Aldrich
Company (St. Louis, MO) unless otherwise stated. Ultra-
pure deionized 18 M water was obtained from a Milli-
pore Biocel water filtration system (Bedford, MA).
RNA Preparation and Purification
The oligonucleotides 5=-GGCGGUUAGAUAUCGCC-3=
(790 GU loop), 5=-GGCGAUUAGAUACCGCC-3= (790
AC loop), 5=-GGCCGUAACUAUAACGGUC-3= (1920
UUU loop), 5=-GGCCGAACAAACGGUC-3=
(1920  loop), and 5=-GGCCGAAC(m3)-
AAACGGUC-3= (1920 m3 loop) were chemically
synthesized at Dharmacon, Inc. (Lafayette, CO) on a 1.0
mol scale via the phosphoramidite method [27]. 3-Meth-
ylpseudouridine (m3) was synthesized in our labora-
tory, converted into its phosphoramidite form, and then
sent to Dharmacon, Inc. for incorporation into the 1920
m3 loop [28]. The crude RNAs were received as the
2=-O-ACE protected species and deprotected by dissolv-
ing in a 100 mM TEMED-acetic acid solution (N,N,N=,N=,-
tetramethylethylenediamine, pH 3.8, followed by incuba-
tion at 60 °C for 30 min [27]. The RNAs were then dried in
a speed-vac evaporator and reconstituted in water. The
RNAs were purified via HPLC with a Waters XTerra MS
(Milford, MA) C18 2.5 micron, 10 mm  50 mm column
and a gradient of 20% to 57.5% buffer B in 15 min at 4.5
Figure 2. The RNA hairpins used in this study are illustrated.
The numbering is based on the complete E. coli 16S [44] and 23S
[45] secondary structures.
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0.1 M triethylammonium acetate, pH 7; Buffer B: 15%
acetonitrile in 0.1M triethylammonium acetate, pH 7). The
RNA fractions were detected at 260 nm and collected
manually.
Following HPLC purification, the RNAs were dried
and twice precipitated from either 8 M ammonium
acetate, pH 7.2, or 4 M ammonium acetate, pH 5.3. The
RNAs were then dried, reconstituted in water, and
stored at 20 °C. The RNAs were renatured in 30 L
aliquots (200 M) containing 90 to 100 mM ammonium
acetate (pH 5.3 or 7.2) by incubation at 90 °C for 15 min,
followed by slow cooling to room temperature. RNA
concentrations were calculated using Beer’s Law and
A
260 nm
measurements. Extinction coefficients () were
calculated using the nearest-neighbor method [29];
168,300, 167,500, and 188,860 L·mol1·cm1 for the 790
GU, 790 AC, and 1920 UUU loops, respectively. The 
value obtained for the 1920 UUU loop was also used for
the 1920  and m3 loops.
Solution and ESI MS Conditions
Solutions for ESI MS analysis had final concentrations
of 4 to 5.9 M RNA, 21 mM ammonium acetate (pH 7.2
or 5.3), 2 to 35% 2-propanol, and a range of Co(NH3)6
3
concentrations. The samples were mixed and incubated
for 15 min before ESI MS analysis. Alternatively, sam-
ples were prepared 24 h in advance of MS analysis. No
difference was observed between the two methods
except that RNA samples at pH 5.3 showed signs of
depurination after long incubation times. To test for
nonspecific RNA–ligand interactions, an RNA:ligand
ratio of 1:1 was maintained while ammonium acetate
(pH 7.2) concentrations varied from 10 to 150 mM. ESI
MS samples of RNA were infused at 6 L/min via a
Harvard II syringe pump and analyzed in the negative
ionization mode on a Quattro LC tandem quadrupole
mass spectrometer (Micromass, Manchester, UK). Spec-
tra were acquired over the range 600 to 2000 m/z.
Typically, 80 to 110 scans were summed to obtain
representative spectra. The error resulting from repli-
cate measurements at a given concentration was 12%
maximally. The Quattro LC settings were as follows:
capillary voltage 2500 V, cone voltage 40 to 50 V,
extractor cone voltage 2 V, RF lens voltage 0.6 V,
nebulizer gas flow 90 L/h, desolvation gas flow 400
L/h, source block temperature 100 °C, and desolvation
temperature 100 to 120 °C.
To compare Co(NH3)6
3 binding to the various
RNAs, the fraction of the 1:1 and 1:2 complexes were
calculated. We assumed that the relative abundances of
the multiply charged peaks were representative of
solution concentrations, and that the RNA and RNA 
Co(NH3)6
3 complexes had the same ionization efficien-
cies [30 –32]. Thus, the concentrations of the free RNA,
1:1, and 1:2 complexes were assumed to be proportional
to the summed peak areas of the charge states from the
free RNA, 1:1, and 1:2 complexes, respectively. Thefraction of the free RNA, 1:1, or 1:2 complex was
determined by dividing the sum of the peak areas for
the complex of interest by the total peak area (j 
Aj
Atotal
), where j is the fraction of the species of interest
and A is the peak area. This conversion allowed for a
comparison of solutions containing the same [RNA]:
[Co(NH3)6
3] ratios.
Results and Discussion
Co(NH3)6
3 Binding to the 790 Loops at pH 7.2
Our first set of experiments was carried out on the 790
loops from E. coli 16S rRNA. The binding of Co(NH3)6
3
to the 790 GU loop was examined at pH 7.2 over a range
of concentrations. Figure 3 compares the mass spectra
obtained for this system as the concentration of
Co(NH3)6
3 was varied from 0 to 9.3 M. Four charge
states (3- through 6-) of the free RNA were observed
(data summarized in Table 1). All four charge states
exhibited the formation of the 1:1 RNA-Co(NH3)6
3
Figure 3. Negative ion ESI MS spectra of reaction mixtures
containing 5.9 M 790 GU loop RNA, 22 mM ammonium acetate,
pH 7.2, 25% 2-propanol, and (a) 0.0, (b) 0.5, (c) 1.9, (d) 3.3, and (e)
9.3 M Co(NH3)6
3. Molar ratios of RNA:Co(NH3)6
3 were (a) 1:0,
(b) 1:0.1, (c) 1:0.3, (d) 1:0.6, and (e) 1:1.6. Free RNA charge states
are labeled as (R)n, and 1:1 and 1:2 complexes are labeled as
(1:1)n and (1:2)n, respectively, where n indicates the charge
state.
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and 4-, which accounted for roughly 85% of the total
peak area of each spectrum. A second bound
Co(NH3)6
3 was also identified (Table 1). The fraction of
the 1:1 complex steadily increased up to 0.7 (at which
point saturation was reached) at 9 M Co(NH3)6
3 (the
fraction of the 1:2 complex was 0.20 at this point)
(Figure 3). The 1:2 complex reached saturation at 120
M Co(NH3)6
3 (the fraction of 1:2 complex at satura-
tion was 0.4, data not shown). As shown in Figure 3d,
the ratios of free 790 GU RNA to 1:1 complex at 3 M
Co(NH3)6
3 were 0.5:1 and 0.6:1 for the 4- and 5- charge
states, respectively. Similar behavior was observed for
the 1:2 complex. Since 50% of the Co(NH3)6
3 was
bound (1:1) at 1.9 M, the apparent dissociation con-
stant is estimated to be 2 M for the first Co(NH3)6
3
binding site. For the second Co(NH3)6
3 binding site, the
apparent dissociation constant is estimated to be 10
M at pH 7.2.
To determine if a nonspecific binding component ex-
isted between the 790 GU loop and Co(NH3)6
3, the RNA
and Co(NH3)6
3 concentrations were held constant at a
1:1.1 ratio and the ammonium acetate concentration was
increased from 10 to 120 mM. If the Co(NH3)6
3 binding
was governed mainly by electrostatic interactions, then
the amount of 1:1 and/or 1:2 species would be expected to
diminish as the ammonium acetate concentration in-
creased. At higher concentrations (60–120 mM) of ammo-
nium acetate, the fraction of 1:1 complex remained steady
(0.6–0.7, data not shown), whereas the fraction of 1:2
complex steadily decreased from 0.4 to 0.1 (at 10 and 120
mM ammonium acetate, respectively). The signal-to-noise
ratio became progressively worse with increasing
amounts of ammonium acetate, with an upper limit of
120 mM. Therefore, the observed Co(NH3)6
3 binding to
the 790 GU loop appears to be a combination of specific
and nonspecific interactions.
The results for Co(NH3)6
3 binding to the 790 AC loop
differed from those obtained with the 790 GU loop. Figure
Table 1. The m/z values are listed for the charge states of the R
Species
790 Loop
GU
[RNA  6H]6 906
[RNA  5H]5 1087
[RNA  4H]4 1359
[RNA  3H]3 1813
[RNA  Co(NH3)6
3  9H]6 932
[RNA  Co(NH3)6
3  8H]5 1119
[RNA  Co(NH3)6
3  7H]4 1399
[RNA  Co(NH3)6
3  6H]3 1867 
[RNA  2Co(NH3)6
3  12H]6 nd
[RNA  2Co(NH3)6
3  11H]5 1151
[RNA  2Co(NH3)6
3  10H]4 1438
[RNA  2Co(NH3)6
3  9H]3 1920
nd indicates species not detected.
— indicates charge states outside the scanned m/z range.4 shows more free RNA under similar conditions as thosefor the 790 GU loop (for example, compare Figures 3 and
4, panels d and e). Since 50% of Co(NH3)6
3 is bound
(1:1) at 2.5 M (Figure 4, panel d), the apparent dissocia-
Figure 4. Negative ion ESI MS spectra of reaction mixtures
containing 4.0 M 790 AC loop RNA, 22 mM ammonium acetate,
pH 7.2, 25% 2-propanol, and (a) 0.0, (b) 0.3, (c) 1.4, (d) 2.5, and (e)
6.5 M Co(NH3)6
3. Molar ratios of RNA:Co(NH3)6
3 were (a) 1:0,
(b) 1:0.1, (c) 1:0.3, (d) 1:0.6, and (e) 1:1.6. Free RNA charge states
are labeled as (R)n, and 1:1 and 1:2 complexes are labeled as
(1:1)n and (1:2)n, respectively, where n indicates the charge
and RNA  Co(NH3)6
3 complexes
1920 Loops
AC UUU  m3
903 1009 1009 1011
084 1211 1211 1214
355 1514 1514 1518
807 — — —
nd nd nd nd
116 1243 1243 1246
395 1554 1554 1557
860 — — —
nd nd nd nd
147 1274 1274 1277
434 1593 1593 1597
912 — — —NA
s
1
1
1
1
1
1
1
1
1state.
1380 KIELTYKA AND CHOW J Am Soc Mass Spectrom 2006, 17, 1376–1382tion constant at pH 7.2 is estimated to be4 M. The free
RNA charge states remained the most abundant species
until an RNA:ligand molar ratio of 1:0.6 was reached. At
higher ligand concentrations, both 1:2 and 1:3 complexes
were observed. The fractions of the 1:1, 1:2, and 1:3
complexes increased to 0.4, 0.3, and 0.1 (saturation points),
respectively (Figure 4). For comparison, the 1:1 complex
reached saturation at approximately the same concentra-
tion of Co(NH3)6
3 (5–10 M) for the 790 GU and AC
loops; however, the fractions of bound ligand were 0.7
and 0.4, respectively. These differences could be ac-
counted for by the fact that the cobalt complex appeared
to have a greater number of binding sites on the 790 AC
loop. Overall, there was an approximate 2-fold higher
affinity of Co(NH3)6
3 for the primary site (1:1 complex) on
the 790 GU loop compared to the 790 AC loop, but lower
affinity for the secondary sites. Thus, clearly the single
base mismatch difference between 790 GU and AC loop
RNAs leads to altered Co(NH3)6
3 binding. NMR studies
by Lee et al. indicates similar global folds for the 790 GU
and AC loops [3]. Therefore, the difference in binding
modes by Co(NH3)6
3 may reflect subtle variations in the
structures of the 790 GU versus 790 AC loop RNAs. The
increase in number of Co(NH3)6
3 binding sites on the 790
AC loop indicated that the structural change or possible
change in electrostatics due to altered base composition
extends beyond the mismatch site. The 790 AC loop
spectra exhibited similar charge state distributions as the
790 GU loop. A 2- to 3-fold difference in the relative
abundance of free RNA between the 3- and 5- charge
states was also observed.
Co(NH3)6
3 Binding to the 1920 Loops at pH 7.2
Figure 5 shows the ESI MS analyses of 1:0.5 RNA:
Co(NH3)6
3 solutions (pH 7.2) of the 1920 loops. The
results were similar to those with the 790 GU loop. The
most abundant ions at m/z 1243 and 1246 are assigned to
the 1:1 complexes. These three hairpins all have a G·U
wobble pair located in the stem region, but differ in their
loop compositions (U,, or m3 at 1911, 1915, and 1917).
These results suggest that the common motif, the G·U
wobble pair, in the 1920 stem region could be the binding
site of Co(NH3)6
3. These results are consistent with pre-
vious NMR studies that revealed Co(NH3)6
3 binding to a
G·U mismatch [5]. For the 1920 UUU, 1920 , and
1920 m3 loops, saturation was reached at 2 M
Co(NH3)6
3 for the 1:1 complex with a maximum fraction
bound of 0.6. The dissociation constants were estimated to
be 0.5 M because more than 50% of the 1:1 complex
formed at 0.5 M Co(NH3)6
3. The apparent dissociation
constants are about 4-fold lower for the 1920 loops com-
pared to the 790 GU loop, suggesting that the sequence
surrounding the G·U mismatch site also influences the
binding of Co(NH3)6
3. Subtle differences in the fraction of
the 1:2 complex with Co(NH3)6
3 and the 1920 loop RNAs
indicate that a second binding site might occur in the loop
region, which is the location of changes in the RNA
composition (modified versus unmodified nucleotides).Co(NH3)6
3 Binding to the 790 Loops at pH 5.3
Literature reports suggested that G·U and protonated A·C
wobble pairs are isostructural [33, 34]. As indicated in
Figure 1, the A·C wobble pair is stabilized at lower pH due
to protonation of the A residue (pKa 5.5). Co(NH3)6
3
titrations and ESIMS studies were carried out at pH 5.3 on
the 790 loop hairpins. In a previous study, lowering the
pH from 7.0 to 5.3 resulted in an increase in the thermo-
dynamic stability of the 790 AC loop, whereas pH changes
did not affect the 790 GU loop stability [3]. Lee et al. also
suggested that the protonated A·C wobble pair was struc-
turally isomorphous to the G·U wobble pair (within the
context of the 790 loops), and that the overall structures of
the two hairpins were also isomorphous as determined by
NMR spectroscopy [3].
ESI MS data for Co(NH3)6
3 binding to the 790 loops
at pH 5.3 and pH 7.2 are compared in Figure 6 (for ease
of comparison, only the data for the lower concentra-
tions of Co(NH3)6
3 are shown). At pH 5.3 (Figure 6
panels a and c), only the 3-, 4-, and 5- charge states were
observed. The 6- ion was only observed at pH 7.2
(panels b and d). This effect is consistent with the work
of Cheng et al. in which a lowering of the pH of a DNA
solution caused the envelope of charge states to narrow
and shift towards lower charge states, and resulted in
Figure 5. Negative ion ESI MS spectra of reaction mixtures
containing 4.0 M RNA, 22 mM ammonium acetate, pH 7.2, 25%
2-propanol, and 0.5 M Co(NH3)6
3 for (a) 1920 UUU loop, (b)
1920  loop, and (c) 1920 m3 loop. The molar ratios of
RNA:Co(NH3)6
3were 1:0.5. Free RNA charge states are labeled as
(R)n, and 1:1 and 1:2 complexes are labeled as (1:1)n and (1:2)n,
respectively, where n indicates the charge state.simpler spectra [35]. If the RNA was stored overnight at
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amount of depurination was observed, specifically loss
of G from the hairpin (10% of the total RNA). Less
binding by Co(NH3)6
3 at pH 5.3 was observed with
both RNAs (panels a and c). The spectra shown in
Figure 6 indicated a 68 and 74% decrease of 1:1 complex
formation for the 790 GU (panel c) and AC (panel a)
loops, respectively. For the 790 GU loop, the fraction of
1:1 complex at saturation decreased from 0.7 to 0.5 as
the pH was lowered from 7.2 to 5.3, and saturation was
not reached until 30 M Co(NH3)6
3. This result indi-
cated an approximate 3-fold decrease in binding affinity
and a corresponding decrease in specificity at the lower
pH since more 1:2 complex was observed at higher
Co(NH3)6
3 concentrations (data not shown). For the 790
AC loop, the fraction of 1:1 complex at saturation
remained the same (0.4) as the pH was lowered, but
saturation was not reached until 150 M Co(NH3)6
3.
This result indicated an approximate 30-fold decrease in
binding affinity at the lower pH.
The shift in the charge state distribution upon low-
ering the pH suggests that the 790 loops have been
Figure 6. Negative ion ESI MS spectra of reaction mixtures
containing equimolar amounts of Co(NH3)6
3 and (a) the 790 AC
loop RNA, pH 5.3, (b) the 790 AC loop RNA, pH 7.2, (c) the 790
GU loop RNA, pH 5.3, and (d) the 790 GU loop RNA, pH 7.2. All
solutions contained 22 mM ammonium acetate, 25% 2-propanol, 4
M RNA, and 4 M Co(NH3)6
3. Free RNA charge states are
labeled as (R)n and 1:1 complexes are labeled as (1:1)n, where n
indicates the charge state.protonated at the lower pH, which is logical for the 790AC loop [3]. Studies of DNA hairpins by Guo et al. [36]
suggested that ammonium ions are transferred to base
nitrogens in the gas-phase (as was previously deter-
mined by Green-Church and Limbach for monode-
oxynucleotides and mononucleotides [37]), which sug-
gested that the 790 GU loop can also be protonated.
More ring nitrogens are accessible in unpaired DNA/
RNA bases. If ligand binding does occur at the mis-
match site, then protonation of that site (790 A·C)
could account for a substantial decrease in Co(NH3)6
3
binding at pH 5.3. Indeed, the 790 GU loop showed a
less significant decrease in Co(NH3)6
3 binding. The
3-fold decrease in binding affinity of Co(NH3)6
3 for
the 790 GU hairpin at lower pH indicated that a base in
the hairpin is likely protonated. Either loop or stem
protonation could lead to unfavorable interactions with
Co(NH3)6
3 due to charge repulsions. Metal binding
directly at the mismatch site would be affected more
significantly by a protonated 790 AC loop (i.e., A·C)
compared to the 790 GU loop (i.e., G·U), as indicated by
the 30-fold decrease in binding affinity of Co(NH3)6
3
for the 790 AC hairpin at lower pH.
Are the ESI MS Results Reflective of Solution-
Phase Behavior?
One important question is whether the ESI MS results
obtained in this study are reflective of the solution-
phase behavior of RNA and Co(NH3)6
3. Studies by
Gidden et al. indicated that as DNA is dehydrated
during the electrospray process, it converts from B-form
to a metastable A-form-type helix, before converting to
a globular form [38, 39]. Molecular dynamics studies
indicated that A-form helices were the most stable
helical form in the gas phase [38, 39]. To assess the
solution binding, the 790 GU loop–Co(NH3)6
3 interac-
tion was studied using isothermal titration calorimetry
(ITC). ITC is thought to be one of the most reliable and
high-precision methods to quantitate ligand-receptor
interactions, and it has successfully been used to inves-
tigate nucleic acid–metal complex interactions [40 – 42].
ITC and ESI MS studies were performed under the
same buffer conditions, allowing a direct comparison.
These preliminary studies revealed that in 22 mM
ammonium acetate, pH 7.2, the 790 GU loop contained
a relatively strong (0.2 M Kd) and a relatively weak
(90 M Kd) Co(NH3)6
3 binding site, which is in
agreement with the data presented here. The complete
ITC results will be presented elsewhere.
Conclusions
In this study, noncovalent interactions between RNA
and transition-metal complexes were observed using
ESI MS. Our studies with Co(NH3)6
3 and five model
hairpins indicated binding of Co(NH3)6
3 to RNAs that
contain G·U wobble pairs. The four RNAs that con-
tained G·U wobble pairs exhibited higher fractions of
1382 KIELTYKA AND CHOW J Am Soc Mass Spectrom 2006, 17, 1376–13821:1 complex formation (between 0.6 and 0.7) than the
RNA that had the G·U replaced with an A·C wobble
pair (0.2). Thus, discrimination of Co(NH3)6
3 binding to
RNAs of different sequences (G·U versus A·C) was
observed. A lack of significant discrimination between
the modified 1920 RNAs suggested that Co(NH3)6
3
binding is not strongly influenced by these modified
nucleotides. The 1:2 complex formation was minimal
for all five RNAs. Subtle differences in the fractions of
1:2 complex for the 1920 loops suggested, however, that
the modified nucleotides are affecting the structure or
electrostatics at the second Co(NH3)6
3 binding site.
ESI MS appears to be a viable technique to investi-
gate metal complex–RNA interactions [43]. This tech-
nique could prove to be quite valuable for understand-
ing the binding behavior of divalent metal ions, such as
Mg(II). Since metal ions play important roles in most
biological systems, particularly in the case of RNA and
ribozymes, ESI MS can provide information about their
binding affinities and possible sites of interaction.
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